 The half-loss times (HLTs) during three methyl bromide (MB) and three sulfuryl fluoride (SF) fumigations were monitored.
The environmental conditions during each fumigation were monitored using a 125 HOBO ® U30 weather station (Onset Computer Corporation, Bourne, Massachusetts, 126 USA), which was installed on the mill roof to record barometric pressure, wind speed 127 and direction, temperature, and relative humidity at one-minuet intervals. A HOBO ® H8 128 data logger (Onset Computer Corporation) on each mill monitored temperature and 129 relative humidity at one-minute intervals. During the third MB fumigation the weather 130 station failed to record wind speed, and wind speed data for this particular fumigation 131 were obtained from the weather station installed on the ground at the Agronomy Farm 132 located about 500 m to the west of the mill. 133
Pressurization test 134
One to two hours before each fumigation, the building sealing quality or gas 135 tightness was quantitatively evaluated by a pressurization test. The pressurization test 136 was conducted using the E3 blower door fan (Infiltec, Waynesboro, Virginia, USA). The 137 fan is capable of delivering a maximum airflow rate of 2.57 m 3 /s. The fan was attached 138 7 to one of the exit doors on either the east or west side. During each pressurization test, 139 the building was subjected to different pressure levels between 10 and 140 Pa by 140 increasing the fan airflow rate. At each pressure level, the flow rate through the fan and 141 the static pressure difference across the blower door were measured by the DM4 micro-142 manometer (Infiltec, Waynesboro, Virginia, USA). 143
Data analysis 144
The gas-tightness characteristic of the mill was determined by fitting a nonlinear 145 All possible pair-wise combinations based on three pressurization tests for MB and 151 three for SF fumigations were compared by testing the deviation of individual models 152 (Equation 1) fit to the flow rate and pressure data to a pooled model (Draper and Smith, 153 1981) . A significant difference (P < 0.05) between pooled and individual models 154 indicated that the relationship between flow rate and pressure was significantly different 155 between the two pressurization tests being compared. The six fumigations between MB 156 and SF resulted in 15 pair-wise comparisons. 157
The HLTs observed from the fumigations were estimated by a first-order kinetic 158 equation (Equation 2) of gas concentration readings over time (Banks et al., 1983; 159 Chayaprasert et al., 2008; Cryer, 2008) could not be made without taking into account all of the weather conditions. Banks and 165 Annis (1984) showed that the overall ventilation rate (d Figure 3A were adjusted for the barometric pressure reduction due 210 to the difference in height between the weather station on the mill roof and the ground. 211
The average values of barometric pressure, outside temperature, and relative humidity 212 between the fumigations ranged from 971 to 984 mbar, 13 to 26C, and 63 to 84%, 213 respectively. Within each fumigation the differences between the highest and lowest 214 values of barometric pressure, outside temperature, and relative humidity were 215 approximately 3 to 9 mbar, 5 to 15C and 30 to 60%, respectively. The inside 216 temperature and relative humidity were, however, stable during the fumigations (Table  217 3). On each floor the inside temperature and relative humidity generally varied by less 218 than 1C and 10%, respectively, and the differences in the inside temperature and 219 relative humidity among floors were less than 4C and 20%, respectively. The inside 220 temperatures were either equal to or higher than the outside temperatures with a 221 maximum difference of at least 10C, except for the first and second MB fumigations, 222
where for a few hours, the opposite occurred. These findings suggested that at the gas-223 tightness level achieved in this study air infiltration did not have an effect on the thermal 224 changes inside the flour mill. In addition to preventing rapid gas loss, good sealing 225 quality helps increase fumigation efficacy against insects and helps maintain stable 226 temperatures inside a fumigated building irrespective of outside temperature changes. respectively (data not shown). Initially, the fumigant concentrations increased rapidly 231 and distributed well among the mill floors, after which the concentrations gradually 232 decreased over time. However, gas concentrations at one monitoring location in an 233 ingredient mixing drum on the third floor was an exception to this general observation. 234
During the first MB and all SF fumigations, the gas concentrations inside the mixing 235 drum did not decrease as fast as the other locations because of restricted gas 236 movement. The sudden peaks in gas concentrations 15 h after the initial fumigant 237 introduction in the first and third MB fumigations were due to adding more gas (Table 1) . 238 SF gas was also added during the third fumigation at 14.5 h into the fumigation, but gas 239 monitoring data did not show any sudden peaks. The concentration differences within 240 the entire mill were between 2 and 7 g/m 3 . Even gas distribution was established 241 throughout the mill within the first 4 h, except for the second and third SF fumigations in 242 which it took at least 10 h. The longer time for gas to equilibrate within the structure may 243 be due to the stairwell doors being closed during these two fumigations, making it more 244 difficult for the fumigant to circulate quickly among mill floors. In some structures, 245 partitioning very leaky areas as separate fumigated volumes can be beneficial in 246 preventing excessive fumigant loss. 247
In this particular study the observed HLTs correlated well with the outside wind 248 speeds regardless of whether or not the stairwell doors were closed. The even gas 249 distributions observed with MB and SF fumigations showed that these two fumigants 250 12 have similar gas distribution characteristics. In structures where commodities are 251 present distribution of MB and SF gases could be different due to different rates of 252 sorption by the commodities. However, this effect was nonexistent because the mill was 253 free of any stored commodity. 254
The hourly-average outside wind speeds during the fumigations were 255 superimposed on the corresponding concentration plots in Figure 4 . While wind speeds 256 varied mostly within a range of 0 to 5 m/s, the rapid hour-by-hour wind fluctuations were 257 not reflected in the gas concentration curves. Except for the third MB fumigation, HLTs 258 for each fumigation shown in Figure 4 were calculated by dividing the gas concentration 259 curves over time into sections in which wind speeds were either above or below 5 m/s. 260
During the third MB fumigation at 8 h the gas concentration curves indicated a sudden 261 drop ( Figure 4E) , and thus the concentration curves after this time were divided 262 separately. For each divided section, the five concentration curves were first averaged 263 and Equation 2 was fitted to the average concentration over time data. The exposure 264 periods immediately after fumigant releases when concentration differences were 265 greater than 5 g/m 3 were excluded from the HLT calculations. The average estimated 266 HLTs (and SE), average wind speeds, average absolute inside-outside temperature 267 differences, and corresponding elapsed exposure periods are summarized in Table 4 . 268
The HLTs for the MB and SF fumigations were in range of 3.61 to 28.64 h and 9.97 to 269 31.65 h, respectively. Williams et al. (2000) suggested HLTs above 24 h as desirable 270
and any values below 10 h as undesirable for structural fumigations. They reported 271
HLTs of 8 to 15 h to be common in food-processing facilities subjected to fumigation. 272
The range of HLTs observed reflects variation among structures in gas tightness 273 13 despite effective sealing, since all of the building gaps cannot be accurately identified or 274 sealed. Based on the pressurization test, the Hal Ross flour mill had nearly identical 275 sealing quality based on visual inspection, but the differences in HLTs were observed 276 across the six fumigations. Of all the weather variables observed, only wind speeds 277 predominantly affected HLTs, and HLTs were inversely related to wind speeds (Figure  278 5A). 279
Except for the last two HLTs of the third MB fumigation, when the average wind 280 speeds were not greater than 5 m/s, the HLTs were longer than 10 h, regardless of the 281 type of fumigant used. The last two HLTs of the third MB fumigation were 3.61 and 9.71 282 h while the corresponding average wind speeds were less than 5 m/s. These two 283 unexpectedly short HLTs were observed after the sudden drop in the fumigant 284 concentration during the third MB fumigation probably due to some seal damage which 285 we could not firmly identify. From Equations 3 and 4, if the stack effect was neglected, it 286 can be seen that: 287
where, x 1 is a constant. Discarding the last two short HLTs of the third MB fumigation, 289
fitting Equation 5 to the data in Figure 5A square roots of the average absolute inside-outside temperature differences in Figure  296 14 5B. This was likely attributed to the strong wind effect overshadowing the buoyancy 297 force. Chayaprasert and Maier (2010) 
Conclusions 310
This study provided a quantitative side-by-side comparison between MB and SF 311 fumigations in the same flour mill. The pressurization test showed that sealing 312 effectiveness can be quantitatively determined ahead of a fumigation to quantify gas 313 tightness of a structure. The concentrations of both fumigants varied within a range of 2 314 to 7 g/m 3 , which implied similar gas distributions with the mill. The observed HLTs 315 decreased with increasing wind speeds regardless of the type of fumigant used. Our 316 results suggest that for a given level of gas tightness of a structure, fumigant leakage 317 rate is a function of the driving forces such as wind speeds rather than inherent gas 318 characteristics of MB and SF. The r 2 values were based on linear regression of hourly fumigant concentration (y) versus elapsed time (x). 449
In an hour, there were 2 to 3 points of average fumigant concentration data. The curve generated from 450
Equation 2 
